1. Introduction
===============

Obstructive sleep apnea (OSA) leads to systemic hypertension in animal models^\[[@R1]\]^ and human epidemiological studies in the general population, and in OSA patients.^\[[@R2]--[@R4]\]^ Although part of this association may be mediated by co-existing risk factors, such as obesity, a large body of evidence supports an independent role of OSA in the pathogenesis of hypertension, although some find this link to be controversial.^\[[@R5],[@R6]\]^ A recent and large study^\[[@R7]\]^ found an increased hazard ratio for incident hypertension in patients with OSA compared with control subjects, and the association between OSA and hypertension remained independent of confounders including obesity and age (1889 participants, 12.2 years of median follow up). Furthermore, follow-up of this patient cohort revealed a dose--response relationship between the severity of OSA and the cumulative incidence of hypertension. Supporting this idea, several randomized trials have shown that treatment with continuos positive airway pressure for obstructive sleep apnea reduces systemic blood pressure.^\[[@R8]\]^ Thus, relatively robust evidence implicates OSA as a factor in the development of hypertension.

Pathophysiological studies have extensively investigated numerous factors affecting hypertension, including large and small artery remodeling and functional changes,^\[[@R9]\]^ sympathetic nervous system alterations^\[[@R10]\]^ and the related change of the molecular pathways such as G-protein-coupled receptor kinases.^\[[@R11]--[@R13]\]^ Given the independent link between OSA and hypertension, several mechanisms may be responsible.^\[[@R14]\]^ All of these pathophysiologic processes (autonomic alterations,^\[[@R15]\]^ endothelial dysfunction,^\[[@R16]\]^ and inflammation^\[[@R17]\]^) occur during apneic episodes where the reduction in arterial oxygen pressure and hypercapnia occur. However, the severity of hypertension and the severity of OSA do not correlate perfectly, indicating that some physiologic parameters in OSA may be reflective of the underlying connection more than others. Apnea--hypopnea index (AHI), currently used for the estimation of the severity of OSA, does not contain information on the duration aspect of the breathing cessations and related oxygen desaturations. Obviously, longer apnea--hypopnea duration and deeper desaturation may have more severe consequences than shorter and shallower ones. To our knowledge, only one pilot study (n = 9 with OSA) investigated the effect of apnea duration on arterial blood pressure.^\[[@R18]\]^ This study showed that as apnea duration increased from 10 seconds to greater than 30 seconds, the mean percentage rise in blood pressure increased from 14% to 26% for amplitude and 14% to 23% for area, respectively. They suggested that the apnea duration has a measurable effect on the degree of rise in arterial blood pressure during apnea episodes (*P* = 0.0002).^\[[@R18]\]^

The goal of this study was to confirm the effect of mean apnea--hypopnea duration (MAD) on hypertension. To do so, we studied a cohort of patients (n = 596) recruited from Beijing Anzhen Hospital, in Beijing, where OSA and hypertension are prevalent.

2. Methods
==========

2.1. Study population
---------------------

In this single center, cross-sectional analysis, data for patients who were hospitalized in Beijing Anzhen Hospital between 2012 and 2015 were extracted from the hospital information system and each patient was individually reviewed to determine whether they met all the inclusion and exclusion criteria. During this period, 1299 of these in patients underwent polysomnography (PSG) in our certified Sleep Medicine Laboratory (see below). We included patients with untreated OSA by PSG (AHI ≥5/h) with comorbid hypertension diagnosed by 24-hour BP monitoring in our hypertension clinic, either prior to admission or during their hospitalization. Using these data, we classified the hypertension stage as follows: hypertension stage I: blood pressure (BP) in the range 140 to 159 mm Hg systolic and/or 90 to 99 mm Hg diastolic; hypertension stage II: BP in the range 160 to 179 mm Hg systolic and/or 100 to 109 mm Hg diastolic; hypertension stage III: BP more than 180 mm Hg systolic and/or 110 mm Hg diastolic.

We excluded subjects with an AHI \< 5/h, chronic obstructive pulmonary disease (COPD), chronic bronchitis, restrictive lung diseases, respiratory failure, aortic coarctation, cushing syndrome, pheochromocytoma, primary aldosteronism, renal parenchymal disease, renovascular hypertension, thyroid disorders, and those who could not give a complete medical history.

After screening, a total of 596 subjects meeting these criteria were included in our analysis (Fig. [1](#F1){ref-type="fig"}). All subjects gave written, informed consent for the records to be used for our research, and the Institutional Review Board of Beijing Anzhen Hospital approved the study.
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2.2. Classification of OSA
--------------------------

Sleep evaluations were performed by a trained specialist in Sleep Medicine at Beijing Anzhen Hospital Sleep Center during admission. We recorded each patient\'s diagnostic PSG parameters, which included measures of the electromyogram, electro-oculogram, electroencephalogram, electrocardiogram, pulse oximetry, naso-oral airflow, and thoracoabdominal excursions. Sleep, arousals, and periodic legs movements were scored by American Academy of Sleep Medicine standards.^\[[@R19]\]^ Respiratory events were scored manually as follows: apneas were identified when the airflow amplitude on the nasal cannula was \<10% of baseline and no flow occurred on the oral thermistor. Hypopneas were identified when airflow amplitude was reduced by 30% from baseline and the event was followed by 4% O2 desaturation.^\[[@R19]\]^ AHI was defined as the sum of apneas and hypopneas divided by total sleep time as suggested by the recent criteria of the American Academy of Sleep Medicine.^\[[@R19]\]^ OSA is the most common type of sleep apnea and is caused by complete or partial obstructions of the upper airway. It is characterized by repetitive episodes of shallow or paused breathing during sleep, despite effort to breathe, and is associated with a reduction in blood oxygen saturation and other physiologic derangements. We collected data on coexisting conditions, morning blood pressure and BMI of each person at the time of PSG. The personnel collecting these data were different from the one collecting data from the PSG and confirming the sleep diagnoses, and also from those who collected the BP data.

2.3. Statistical analysis
-------------------------

Characteristics of the study population and laboratory tests results are presented as mean ± SD and count (with percentages). Analysis of variance (ANOVA) or chi-square tests were used to compare demographics and PSG data of the three groups according to the status of hypertension. Multivariate logistic regression analysis was used to assess the independent risk factors associated with the status of hypertension. We also determined the correlation between MAD and other polysomnographic findings using linear regression analysis. A *P* value \<0.05 was considered to be statistically significant. Tests were two-tailed. All analyses were performed using SPSS 19.0 software for Windows (SPSS Inc., Chicago, IL, USA).

3. Results
==========

3.1. Patient characteristics and association of sleep parameters
----------------------------------------------------------------

We included 596 who met entry criteria. Table [1](#T1){ref-type="table"} shows the linear regression analyses between MAD and AHI, MAD and ODI, MAD and BMI, MAD and LOS for the entire study cohort. There were no statistically significant correlation between MAD and BMI (*P* = 0.132). A small but statistically significant correlation existed between MAD and AHI (*r* = 0.176, *P* \< 0.001) and ODI (*r* = 0.193, *P* \< 0.001). A stronger but statistically significant correlation existed between MAD and LOS (*r* = −0.316, *P* \< 0.001).

###### 

Linear regression model for MAD and polysomnographic findings.
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3.2. Hypertension grade
-----------------------

Table [2](#T2){ref-type="table"} shows the main demographic characteristics and polysomnographic findings of the subjects according to hypertension grade. Age, sex, BMI, history of current smoking and alcohol were similar in three hypertension groups. Patients with longer MAD (24.9 ± 6.1 seconds vs. 26.9 ± 6.6 seconds vs. 27.5 ± 6.6 seconds, *P* = 0.011) exhibited more severe hypertension. However, there was no association between hypertension grade and AHI, ODI and LOS.
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Study population.
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Among the 3 different severity hypertension groups, patients with hypertension stage I had a significant shorter MAD than patients at hypertension stage II (*P* = 0.039) and hypertension stage III (*P* = 0.003). However, no significant difference of MAD was found between hypertension stage II and hypertension stage III (*P* = 0.302). So, we defined hypertension stage I as mild hypertension group and hypertension stage II and III as moderate-severe hypertension group. After adjusting for age, sex, BMI, history of current smoking and alcohol, AHI and LOS were not associated with the severity of hypertension (Table [3](#T3){ref-type="table"}). However, increased MAD was significantly associated with moderate to severe hypertention (OR = 1.072, 95% CI 1.019--1.128, *P* = 0.007).

###### 

Independent factors associated with severity of hypertension by multivariate logistic regression analysis.
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4. Discussion
=============

We found that OSA patients with longer MAD have worse hypertension than patients with shorter MAD. Interestingly, we did not find a statistically significant difference of AHI among different severity of hypertension groups. Our data clearly demonstrate that MAD rather than AHI have a greater impact on the severity of hypertension in Chinese adults. To our knowledge, this large study is the first to examine this topic.

Several studies have reported overall variations in blood pressure during apnea episodes and found that there is a progressive increase in blood pressure during apnea--hypopnea episode followed by a rapid decrease below the baseline following apnea termination.^\[[@R18],[@R20]\]^ They suggest that the severity of hemodynamic changes due apnea--hypopnea may be correlated to the duration of apnea--hypopnea episodes. Even though apnea is defined as cessation of breathing for a minimum of 10 seconds, the duration of apnea episodes can vary anywhere from 10 seconds to over a minute and may not be reflected in the AHI and ODI scores. The lengthening of apnea and hypopnea events may even lead to a decrease in AHI and ODI indices. So, a focus on AHI may be an imperfect way to evaluate the severity of OSA, especially regarding effects on other physiologic systems. Some researchers proposed novel parameters^\[[@R21],[@R22]\]^ which exploit the information related to the duration and morphology of the sleep disordered breathing events to evaluate severity of sleep disordered breathing and diagnose OSA. These investigators take the aspect of the varying apnea and hypopnea event durations into consideration as novel parameters versus traditional AHI. There is data to suggest that patients with similar AHI may in fact suffer from OSA of very different severities.^\[[@R22]\]^ Novel parameters in the PSG may bring more comprehensive view to the individual estimation of the severity of OSA, but need additional study to determine their role in sleep physiology and its relationship to comorbidities. MAD appears to be one such useful parameter.

The mechanisms of how longer MAD affects blood pressure may include both short- and long-term effects (Fig. [2](#F2){ref-type="fig"}). In the short-term, this may be due to repetitive occurrence of complete or partial interruptions in airflow resulting from upper airway occlusion, when blood oxygen saturation can drop to dangerously low levels, especially in the longer events, eventually leading to arousals from sleep resulting in sleep fragmentation. Additionally, for a longer duration apnea--hypopnea, the amount of CO~2~ accumulated in the body and the amount of oxygen desaturation will be higher compared with that of a shorter duration apnea. The combined effects of hypoxia^\[[@R23]\]^ and hypercapnia work synergistically^\[[@R24]\]^ and the disturbed sleep structure^\[[@R25],[@R26]\]^ can increase sympathetic nerve activity. Hence, for a longer duration apnea, the degree of sympathetic activation may be higher which in turn can lead to more elevated blood pressure. In the long-term, the sleep fragmentation in OSA elicits events such as constriction of blood vessels due to increased sympathetic activity and the severer nocturnal hypoxaemia of OSA. Longer MAD also triggers systemic inflammation^\[[@R17],[@R27]\]^ and metabolic dysregulation,^\[[@R28]\]^ which can lead to short-term and long-term rises in arterial blood pressure eventually leading to chronic hypertension.^\[[@R29]\]^
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Prior studies have shown the importance of MAD in the assessment of OSA diagnosis and treatment. For example, increased MAD and lower nocturnal oxygen saturation are associated with excessive daytime sleepiness.^\[[@R30]\]^ Conversely, patients with excessive daytime sleepiness have longer MAD and lower saturation levels, which supports the assumption that longer and deeper events have more severe physiological consequences. Another finding that supports the fact that AHI does not capture all aspects of sleep problems in OSA is the weak correlation reported between the improvement of AHI and sleepiness score after surgical treatments.^\[[@R31]\]^ The most obvious example to illustrate this is nasal surgery. Meen and Chandra^\[[@R32]\]^ reported no improvement in AHI after nasal surgery, but consistent improvement in subjective symptoms of OSA such as sleepiness and overall quality of life. A single randomized controlled trial that compared septoplasty and sham surgery found no significant decrease in AHI for either group. However, those who underwent septoplasty reported reduced sleepiness.^\[[@R33]\]^ In the research of Nakata et al,^\[[@R34]\]^ MAD was significantly reduced (33.5 ± 7.3 vs. 28.8 ± 7.4, *P* \< 0.05) after the nasal surgery, and also nocturnal oxygenation, sleep quality, and daytime sleepiness were improved. These studies justify further study of additional measures of sleep, including MAD, in understanding how OSA affects other body systems.

Here, we found a potential relationship between MAD on the severity of hypertension. Notably, AHI and ODI showed no such relationship. OSA is a complex medical health problem with severe cardiovascular consequences^\[[@R35]\]^ and the physiological stress and the mechanisms behind it are complex. The classic AHI might not contain all the necessary information needed to diagnose the severity of OSA and to evaluate the need for treatment, so new evaluation systems need to be established. This field also needs an evaluation system that includes the grading and staging of the disease. And, it needs more animal experiments and clinical prospective studies to explore the effect of MAD on hypertension.

Although the current study is the largest to date in its field, the retrospective nature of the investigation is an important limitation. The lack of prospective data collection could have introduced bias into the data because patients were excluded for lack of sufficient data (the main reason of the lack of control group) or missing part of the original 24-hour BP monitoring recordings only accurate hypertension grade were retained. Therefore, we cannot provide BP levels and *P* values for which patients with longer MAD exhibited more severe hypertension. We limited our analyses to inpatients, so our findings may not apply to outpatients or other cohorts. We also included only patients with PSG and hypertension data, thus we need to replicate these findings in a prospective cohort, ideally in the general population. Nevertheless, these data provide a first step in examining how OSA relates to hypertension.

5. Conclusion
=============

In conclusion, OSA patients with longer MAD have worse hypertension, a finding that appears to be more specific than with AHI. These results suggest that additional information, such as MAD, should be considered when evaluating OSA patients, especially those with comorbid hypertension. Animal experiments and clinical prospective studies are needed to determine whether MAD can affect the occurrence and development of hypertension and underlying mechanisms.
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